Sewer and stormwater pipe leakage can lead to the degradation of urban groundwater quality. This groundwater may be subsequently used for public water supply and so the resulting water treatment and public health consequences can be serious. To understand the impact of sewer exfiltration on groundwater quality, suitable indicators need to be sampled and analysed for. This study examined potential sewer-derived inorganic and microbial parameters in the UK city of Doncaster. Sulphite reducing clostridia, faecal streptococci and boron were all detected in groundwater with reductions compared with sewer values ranging from 1 to 6 orders of magnitude for the former two, to 1 to 2 orders of magnitude decrease for boron. The correlation between these two different indicator types suggests that groundwater quality is being adversely affected by sewer leakage in the study area. The employment of several and varied indicators can better demonstrate the effect than use of single parameters.
Introduction
Sewer and stormwater pipe leakage can have important implications for urban groundwater quality. Serious water quality deterioration can occur with excessive pipe leakage and this has treatment, and possibly public health, consequences if the groundwater is subsequently used for potable supply . Leaking sewers have caused public water supply contamination and associated gastric illnesses in Britain and Ireland (Misstear et al., 1996) . Water-borne outbreaks of intestinal disease in public supplies are often due to a physical breakdown of the treatment processes used, and in private supplies are typically due to contamination of untreated groundwater supplies with human and/or animal waste (CDSC, 2000) . Hence, the quantification of sewer leakage impacts on groundwater is important when analysing a range of urban water supply and disposal scenarios because such scenarios can differ greatly in their handling of contaminants (including pathogens) and in their efficiency to transport them.
The European Union 5FD initiative termed AISUWRS (assessing and improving sustainability of urban water resources and systems) is addressing this issue of comparing leakage rates across a range of urban water supply and disposal scenarios by producing a Decision Support System underpinned by a linked array of flow and solute transport models (see www.urbanwater.de) . In order to evaluate both existing urban water systems and alternative strategies, the sources of contaminants, their flow paths and volumes (e.g. recharge from pipe leakage, soakaway disposal) and their sinks need to be identified for different urban settings. Modelling of such volume and contaminant fluxes is being informed by an extensive field sampling campaign of groundwater (depth-specific and open boreholes), sewer flow, and stormwater in the case-study cities of Rastatt (Germany), Ljubliana (Slovenia), Mt. Gambier (Australia) and Doncaster (UK). This paper focuses on results from Doncaster (, 300,000 residents) which was chosen as a study city because it depends heavily on groundwater drawn from the regionally important Triassic Sherwood Sandstone aquifer from a wellfield located down the hydraulic gradient from the urban area ( Figure 1 ). Though many potential categories of sewage indicator exist (Table 1) , cost and expertise favoured the use of selected inorganic chemical and microbiological markers. The concentrations of these indicators were compared between pipe and groundwater concentrations.
The most widely used microbial indicators of faecal contamination are thermotolerant coliforms (TTCs) with the majority of this grouping being E. coli. TTCs are often used to document the extent of the microbial degradation of urban water quality. However, several authors have expressed reservations about the effectiveness of TTCs as faecal indicators in the subsurface (e.g. Gleeson and Gray, 1997) . Viruses, for example, have much lower inactivation rates than bacterial indicators and pose a much more significant public health threat due to their much smaller size that facilitates transport (Collins et al., in press ). However, sampling and analysis of viral parameters is significantly more timeconsuming and expensive than for bacterial indicators. Hence, a cheap, easy to analyse faecal indicator with a low inactivation rate is needed in order to reliably assess the impact of sewer exfiltration into aquifer systems. Several microbial indictors were sampled and analysed for the Doncaster study to find a simple, but consistently-detected, faecal indicator in urban groundwater. A tentative comparison is made with boron, which is a constituent of some detergents and so has been used in several studies as a chemical indicator of sewage impact on groundwater (e.g. Mentzner et al., 1999) . Other potentially useful inorganic indicators were found to be potassium, sodium and bicarbonate and these are proving valuable parameters to distinguish and quantify different recharge sources. However, their interpretation is complicated by other anthropogenic and natural sources and are discussed elsewhere (Rueedi et al., in prep.) . This paper therefore focusses on potential indicators for sewage contamination. 
Methodology
Previous urban groundwater studies in the UK have generally used shallow monitoring piezometers and/or pre-existing boreholes, the depths and construction details of which are often uncertain. Sampling results can, therefore, be masked by mixing of waters from several horizons (Parker et al., 1982) . Five bundled multilevel piezometers were installed from depths of 9 to 60 m below ground level to monitor the depth-specific variation in concentrations of both solute and microbial contaminants in the urban aquifer. The number of discrete sampling intervals was determined by depth and the thickness of clay seal (1.2 to 3 m) between intervals. The number of sampling intervals varied between 5 and 7 per borehole. The shallowest and deepest levels contained automated data loggers for monitoring groundwater level, temperature and conductivity and these ports employed 42 mm PVC pipes with an internal diameter of 35 mm. All other levels used HDPE pipes with an internal diameter of 21 mm (for further details see Rueedi et al., 2004) . Groundwater levels varied between ,2.5 and 10 m below ground level. Two shallow hand-augured piezometers were also installed (to 1.30 and 3.15 m depths) to estimate contaminant loading in the unsaturated zone and these are included in the multilevel results below. A selection of privately-owned regional wells was also sampled to improve spatial resolution. Sewers were sampled at three inspection chambers to determine spatial and temporal variations in sewer quality (see . Several indicators of faecal contamination (faecal coliforms, total coliforms, faecal streptococci, sulphite reducing clostridia, coliphage, and enteric virus) were analysed for in Doncaster during sampling campaigns in July and November 2003 and February, May, September and November 2004. Thermotolerant coliforms (TTC), faecal streptococci (FS) and sulphite reducing clostridia (SRC) were isolated from 100 mL sample volumes using membrane filtration and selectively enumerated by culture on membrane lauryl sulphate broth (TTC), Slanetz and Bartley agar (FS) and perfringens agar (SRC) respectively (Anon, 1994) . The results from all analyses were recorded as colony forming units (cfu) per 100 mL (membrane filtration). Field blanks and randomly selected duplicates were used as control procedures for all sampling rounds at all sites. All field blanks were found to be free of bacterial analytes. Enumeration of coliphage was determined by assay of 1 mL of sample using a double agar layer technique (Adams, 1959) . Two methods were employed for the analysis of enteric viruses (norovirus and enteroviruses) in sample eluates. Buffalo Green Monkey (BGM) kidney cells were used for the quantification of infectious enterovirus by plaque assay, both by the confluent monolayer and suspended cell culture methods (SCA, 1995) . Viruses were also analysed using RT-PCR. PCR was used for the analysis of eluates for all other enteric viruses. Replicate 140 mL aliquots of each eluate were assayed with negative and positive controls included in each PCR set. All PCR products (RNA and DNA) were analysed by agarose gel electrophoresis stained with ethidium bromide. Field blanks were used as control procedures for all sampling rounds at all sites. All field blanks were found to be free of viral analytes. Results of coliphage and enteric viruses are given as plaque forming units (pfu) per ml and 10 L respectively while all others are given as colony forming units (cfu)/100 mL. Boron samples were filtered though 0.45 mm filters and analysed using a Perkin-Elmer Optima 3300DV ICP-OES. Table 2 summarises all results, giving the total number of samples collected and analysed for as well as the percentage of positive detects of each parameter in each receptor type. This Table shows that sulphite reducing clostridia has the highest number of positive detects for the regional and multilevel groundwater samples; in fact over 40% for both. SRC are anaerobic spore-forming non-motile bacteria exclusively of faecal origin that can survive in water for longer than coliforms or streptococci due to their spore-forming ability (Gleeson and Gray, 1997) . Faecal streptococci, common in recreational water monitoring and as a comparison for TTC results, are also detected in 40% of the multilevel analyses. Table 2 indicates a high positive detection frequency of faecal indicators in the aquifer. This is surprising from a hydrogeological viewpoint as the Sherwood Sandstone is generally regarded as a high-porosity, slow-moving system in the regional sense. However, positive detects of enteric viruses and faecal indicator bacteria have been previously found in a similar urban setting in the Sherwood Sandstone underlying Nottingham and Birmingham , where they have been explained by a small but rapid flow component transporting sewer-derived leakage to depth . Approximate die-off rates for the faecal indicators are given in Table 3 along with the maximum and mean of all groundwater (multilevel and shallow piezometer) analyses. The latter show that the groundwater is not grossly contaminated.
Results and discussion
Comparing Tables 2 and 3 shows a correlation between the die-off rates of the microorganisms and the percentage of positive detects of each micro-organism. Despite low inactivation rates, viruses (coliphage and enteric) have lower positive detection rates due to more complex sampling and culturing procedures than for bacteria. Coliphage and enteric virus transport are also strongly influenced by electrostatic force binding to the aquifer matrix. Table 4 shows the log-reduction in magnitude ranges of indicators at various stages in the urban water cycle and this demonstrates the effectiveness of inactivation, filtration, attachment and dilution mechanisms on sewer exfiltration as it moves into the aquifer. Values in human faeces are also included for comparison purposes (though note the difference in units). Table 4 highlights the order of magnitude differences between the sewer and the groundwater results. The biggest decreases are in organisms with the highest die-off rates, i.e. the coliforms (up to eight orders of magnitude). When cost, ease of sampling, positive detection rate and order of magnitude difference are taken into account then faecal streptococci and SRC are the two most promising microbial indictors of sewage impact on groundwater quality. The comparison between the various microbial indicators serves to highlight the importance of combining several such indicators in monitoring programmes (e.g. Jagals et al., 1995) . It is interesting to compare these two microbial indicators with the boron analysis results. Boron may be present in some detergents in the form of sodium perborate (an oxygen bleach used in the UK for over 50 years) where it can comprise some 5-15% of total detergent composition (Barrett et al., 1999) . Constraints on the potential use of boron as a marker are the variability of detergent composition (it may not always be present in Table 3 Comparison of maximum and mean values of the various marker species outlined in Table 2 . All minimum and median values were , 1 cfu or pfu/100 mL. Results are cumulative of all sampling campaigns in Doncaster (July, November 2003; February, May, September, November 2004) . Decay rates are also given (Gordon and Toze, 2003) *Units are cfu/100 mL; **units are pfu/mL; ***units are pfu/10 L Faecal coliforms 10 6 -10 9 10 5 -10 7 ,10 0 2 10 1 4-7 Total coliforms 10 7 -10 9 10 6 -10 8 ,10 0 2 10 2 4-8 Faecal strep 10 5 -10 8 10 5 -10 6 ,10 0 2 10 2 3-6 SRC 10 3 -10 10 10 3 -10 6 ,10 0 2 10 2 1-6 Enteric viruses up to 10 12 10 2 ,10 22 4 *Number of faecal indicators commonly found in human faeces expressed as cells per gram of faeces (wet weight) (from Gleeson and Gray, 1997) wastewater) and its use in metal working industries (it may occur as a point-source industrial land contaminant). It is naturally present in low levels in groundwater from clay mineral influences. The median of the regional wells sampled here is 0.05 mg/L (N ¼ 30, eight sites). This is higher than rural Sherwood Sandstone values elsewhere (cited in Edmunds et al., 1989) . However, B has proved useful in Doncaster due to the differences between sewer and groundwater results. Typically sewer concentrations were 0.4 mg/L (range 0.1 to 0.6 mg/L for N ¼ 29, three sites) while the median groundwater concentration for those results above detection limit was 0.06 mg/L (61% of these regional and multilevel samples were above the detection limit of 0.02 mg/L). The multilevels boron concentrations suggest enhanced values in the upper 30 m of the aquifer. Figure 2 outlines the correlation between both SRC and FS and B. A general increase in both microbial detect values can be seen with increasing B, suggesting a possible link between the microbial and chemical indicators. However, the correlation is poor. This could be a result of the varying attenuation processes affecting the two. The B is being diluted, and possibly adsorbed to some extent, in the subsurface accounting for a typical one to two order of magnitude decrease in concentration from source to detection point. The microbes are particulate and can be physically detained by pore-neck size but also are subject to die-off and this can account for their larger decreases of up to six orders of magnitude between sewer and groundwater (Table 4 ). While the extent of contamination evidenced by both types of marker is not extremely high, the comparison highlights the need for a range of indicator types. This is necessary not only as different indicators have different attenuation and transport processes, as previously noted, but also because the positive microbial detects may be a result of other faecal sources such as animal defecation on park land or road runoff. On balance, B distribution in the urban aquifer supports the microbial results in that it suggests that sewer exfiltration is a likely contributor to recharge. The qualitative evidence of groundwater degradation by sewer leakage in Doncaster discussed above is currently being transformed to quantitative calculations of leakage rates via mass balance estimates of recharge and the AISUWRS modelling array. This modelling suite consists of an urban mass flux model to split all input urban water components into recharge, runoff or pipe flow, from which a pipeline leakage model estimates exfiltration. Unsaturated and saturated zone models then allow an estimation to be made of the volumes and concentrations of key indicators arriving at the aquifer. Various water management strategies can then be compared via a Decision Support System (e.g. . 
